Energy spectra at 90° in the laboratory were obtained for He, Li, Be, and B fragments from a uranium target irradiated with 4.9 GeV protons and 2.1 GeV/nucleon deuterons and alpha particles. and 155° were also obtained with the proton and alpha particle beams.
Data at 25
and 155° were also obtained with the proton and alpha particle beams.
In comparing the incident deuteron data with the incident proton data, · it was found that the cross sections were a factor of 1.5 higher but the shapes of the energy spectra were unchanged. However, with incident alpha particles it was found that the cross sections were a factor of 3 to 4 larger, and the energy spectra were somewhat broadened indicating that the effective Coulomb barriers are 15% lower, and the apparent temperatures 1.5 MeV higher. It is concluded that in the alpha particle irradiations the deposition energies are larger than with either incident protons or incident deuterons. It appears so far that most of the products fall into two classes: those with high velocities in the laboratory, clearly fragments from the projectile, and those with low velocities in the laboratory, clearly fragments from the target.
Several experiments on projectile fragmentation already l1ave been carried 2 out using techniques of high energy physics. A preliminary study of 3 target fragmentation using plastic track detectors has been published.
The present experiment is a ~-E counter telescope study of the products of target fragmentation.
The general features of the interaction of high energy protons with nuclei are well known. They are usually understood in terms of an intranuclear cascade followed by an evaporation stage. An important aspect of these reactions which has emerged recently is that the gross features of tl1is interaction are independent of proton bombarding energy from a few 4 GeV up to 300 GeV. that is, it appears that above a few GeV, increasing the proton energy does not deposit any more energy in the target nucleus.
TI1e orientation of the present work is to determine if the gross features . change when one keeps the energy of the projectile at a few GeV/nucleon but increases the mass of the projectile. Tile preliminary results of 3 Sullivan et al. indicate that significant changes occur.
Some data exist for target spallation induced by alpha particles 5 with energies of 200 MeV/nucleon and lower. Except for an average factor of two increase in production cross sections, only small differences from the corresponding data from proton-induced reactions are observed.
However, at 2 GeV/nucleon the situation may well be different because of -3- the strong forward peaking of the nucleon-nucleon scattering cross sections
We have previously made extensive studies of the energy spectra and angular distributions of He through Mg fragments from heavy targets irrad- 6 7 ' iated by high energy protons. This work shows that the energy spectra of the products Li and heavier are sensitive indicators of high deposition energies in the nucleus. Thus a comparison of the energy spectra of these fragments produced by heavy ions and protons should bear on this problem of energy deposition. Also, if some kind of collective intera action, such as a shock wave, becomes important for heavier projectiles the study of the properties of these particular fragments might be significant.
In the present work energy spectra and crude angular distributions were measured for He to B fragments from a uranium target irradiated by the 2.1 GeV/nucleon deuteron and alpha beams from the Bevatron. In order to allow a careful comparison with proton-induced reactions, data were remeasured with the same equipment using 4.9 GeV protons.
II. Experimental

A. General
Most of the experimental details are described more fully in reference 6. The external beam of the Bevatron passed through a scattering chamber 91 em in diameter. The typical on-target beam profile was 1. In general, the detector telescopes used consisted of a transmission ~E detector, an E detector, and an anti-coincidence detector. TI1e detectors were phosphorous-diffused silicon except for a 1500-~m thick E detector which was lithiwn-drifted silicon.
Signals from the detector telescope \vere used in a particle identifier system of the pmver-lmv type. The particle identifier (PI) signals and total energy (cr) signals were sent to a small co1nputer which stored them on magnetic tape, event-by-event, for off-line analysis and in the computer memory as histograms • 1}le energy spectra~ of selected PI peaks were monitored during the experiment. The counting rate versus time during the one second beam burst of the accelerator was also displayed by the computer. A tagged pulser signal was sent through the electronics during data collection which allowed monitoring of system stability.
Tile beam intensity was monitored with an ionization chamber upstream from the scattering chamber. The ion chamber was calibrated by irradiating 12 a polystyrene target in the scattering chamber using the well known C(p,pn)
11
C reaction. The stability of the ion chamber over the period of an experiment was 1%.
B. Specific Experimental Details
The experiment was carried out in two parts. In the first part a telescope with a 48-~m thick ~E counter was used. The data from the -5- deuteron-induced reactions appeared to be very similar to that from the proton-induced reactions but the alpha-induced data exhibited interesting differences at both high and low fragment energies. Thus a second set of data was taken using two telescopes, one having a 22-llm thick t. E detector and the other a 1. 5-uun thick E detector. By this time the introduction of a multiwire proportional chamber just downstream of our target allowed the Bevatron beam position to be maintained sufficiently stable so that the ion chamber could be used effectively to monitor the beam intensity. The data collected in the deuteron irradiation were not remeasured.
Only the data from the second alpha bombardment are presented here since the early data agreed within the errors and also were not as complete.
Deuteron and Associated Proton Bombardments
Copper collimators 0.4 mm thick and 8 mm in diruneter were placed in front of the liE and E detectors, with the distance from the E collimator to the center of the target equal to 27 em. Table I lists the thicknesses of the detectors in the telescope and gives the lower level discriminator settings on the E detectors which determined the low-energy electronic cutoff in the fragment spectra. Although the telescope was movable, time allowed good energy spectra to be collected only at 90° in the laboratory.
Alpha and Associated Proton Bombardments
Two fragment telescopes were employed simultaneously in the measurements. The thick telescope contained detectors chosen to measure the high energy portions of the fragment spectra while the thin telescope contained detectors chosen to measure the low energy portions. The thick telescope copper collimators were 1.0 mm thick and were 8 mm in diameter.
The thin telescope copper collimators were 0~5 mm thick and were 4 mm -6-wide by 6 mn high. The thicknesses of the detectors in these telescopes are also give11 in Table I along with the lower level discriminator settings for the E detectors.
The distances from the center of the target to the E collimators for the thick and the thin telescopes were equal to 27 em both for the proton irradiations and for the angular distribution measurements with the alpha particle beam. The lower beam intensity obtained with the alpha beam required that the telescopes be moved in to 12 em from the target for the measureo ment of the 90 energy spectra. Brief measurements at the larger distance showed that no spectrum distortion occurred with the larger solid angle.
Data were collected at laboratory angles of 25 , 90 and 155 for each telescope. Several shorter runs at the beginning, middle, and end of the experiment were done with both telescopes at 90° to check syste1n stability.
C. Data Processing
Following completion of the experiments the data were resorted with modified PI windows, if necessary, and data taken in different runs at the same laboratory angle were combined. The histograms were written onto a magnetic tape which was then processed on a COC 7600 computer. The channel m.nnbers were transformed to energies and the data were then corrected for the energy lost in half the apparent target thickness, and also for the dead layers in the detectors. The range-energy formalism of Bichsel 10 and Tschaler was used to make these corrections in the same manner as
Cross sections were obtained in the case of the proton bombardment 0 by requiring that the differential cross section at 90 for the production these asswnptions one calculates that the C(a,an) C cross section decreases only about 10% from 0.92 GeV to 8.4 GeV.
Linear graphs of the energy spectra were extrapolated to high and low energies for the small amount of unmeasured cross section and were integrated to give angular distributions. These cross sections were then plotted versus the cosine of their laboratory angles and th~ lines connecting them integrated to give total cross sections.
I II. Results
A comparison of the fragment energy spectra at 90° in terms of ratios of incident deuteron-to-proton and incident alpha-to-proton double differential cross sections is made in Fig. 1 . The differences are striking.
The behavior of the fragment spectra from the deuteron beam is the same within experimental error as that from the proton beam. It should be noted in the figure that the cross sections of the deuteron-induced reactions are some\iha t larger than those resulting from proton bombardment. On the other hand the alpha-induced reactions, also shown in Fig. 1 , exhibit both markedly broadened fragment energy spectra and larger cross sections -8- relative to the proton data.
The energy spectra from the alpha particle reactions and the proton reactions are shown in Fig. 2 1) The peaks in the spectra shift towards higher energy as the atomic numbers of the fragments increase, in accord with an increasing Coulomb barrier. 6 7 2) The spectraof the neutron-deficient isotopes Li and Be exhibit more prominant high energy tails than do the other isotopes of these elements.
Laboratory angular distributions are shown in Fig. 3 . Shown with 6 the proton-induced data are the previously published data at 5 angles, ' showing tl1at a straight line through the data is adequate for integration. The distributions were integrated according to the straigllt lines drawn between the data points to give the total cross sections and the forward-backward ratios F/B listed in Table II . Since double differential cross sections for the deuteron bombarJments were measured only at 90°, an estimate for the ratios of deuteron-to-proton-induced total cross sections was made on the basis of the ratio curves in Fig. 1 .
Cross sections for some rarer isotopes \vere obtained by comparing systematics of ratios of peak areas in the 90° particle spectra of both the deuteron and alpha data to that of the proton data. The ratios obtained are listed in Table II , along with approximate total cross sections for each fragment from the alpha particle exposure obtained by using the published proton-induced cross sections.
Examining Table II one again notes that the total cross sections for both the alpha particle and the deuteron reactions are larger than the corresponding proton reactions. In addition, a somewhat greater increase in cross section is noted for the heavier fragments than for the lighter ones. TI1e F/13 ratios for the alpha particle irradiation show forward peaking of the laboratory angular distributions. TI1e ratio of the F/B ratios for the alpha-induced and proton-induced reactions given in Table II shows the alpha particle reactions to be uniformly slightly more forward peaked, with the average ratio of F/B ratios equal to 1.14.
Significant contributions to the experimental errors on the results
presented were made by the following: 1) Statistics: TI1e statistical errors in the double differential cross sections at 90° can be seen by the fluctuations of the data points in Figure 2 . TI1e data at the forward and backward angles were of poorer quality but probably do hot contribute significantly to the errors in the total cross sections, because these are determined mainly by the 90°data.
2) Extrapolations and Interpolations: Usually little extrapolation was necessary in obtaining the diffeFential cross sections presented in Fig. 3 . · In the worst cases·, at the backward angle, the extrapolated area was no more than 25% of the total andprobably contributed less than 10% -10-to the final error. It is estimated that the straight line interpolation procedure used to integrate the angular distributions introduces about a 10% uncertainty in the total cross section for the alphaparticlereactions. In stmnnary the experimental errors on the total cross sections presented in Table II are approximately 15%, to which must be added the 9% error in the monitor cross section. The mnnbers preceded by an approximate sign, which were obtained from the gcf particle identifier spectra, are probably only accurate to 25%. In the deuteron irradiations the beam monitoring was not as accurate and all of those ratios may be uncertain by 25%.
IV. Discussion
As in reference 6 an attempt was made to fit the energy spectra in terms of an evaporation model in order to extract certain parameters, such as effective Coulomb barriers (kB) and apparent nuclear temperatures ('r) • The Maxwellian form used was:
P(e::) = (e:-kB)e-(e:-kB)/r, e:: > kB,
where the values of k were smeared uniformly around the average value, tion that the emitting nucleus was sGRn. The energies were corrected for recoil with this same asstnnption. In the present experiment the target was fairly thick. The energy spectra were corrected for the degradation in half the target thickness. The smearing due to the target thickness '~as introduced into the calculated curves before they were compared to the experiment. In this way the parameters extracted from the fitting procedure are the ones one would have obtained if the target had been negligibly thin. An example of the fit is shown in Fig. 4 , and the parameters obtained are listed in Table III . For the 90° data the apparent temperature, T, is obtained from the slope just above .the peak, the fraction of the effective Coulomb barrier, < k >, from the peak position, and the smearing, 6 , from the lower energy side. The quantity 6 is not the uncertainty in < k > but only the smearing of k needed to fit the lowest energy points. Still, the curve only fits near the peak, and the limiting temperature needed to fit the highest energies measured is also listed in Table III as TT. The parameters obtained with incident protons are consistent with those obtained previously. Because of the poor quality of the data at 25° and 155° , the average forward velocity of the emitting system, < v > , and the correlation parameter, n, which describes the spread in this quantity, were taken from the previous stuJy with incident 6 protons. The value of n was taken equal to 2 and the < v > values are shown in the table. The peak energies of the calculated curves at the forward and backward angles are not inconsistent with the data, which 1neans that the < v > values are not very different than with incident protons, although we have only listed upper limits in Table III . The -12-discrepancy in Fig. 4 in the heights of the forward and back-ward curves indicates that the fragments are forward peaked in the system of the emitting nucleus. TI1is effect is more pronounced than observed pre- 6 viously with incident protons. From Table III it can be seen that the effective Coulomb barriers which were already anomalously low with incident protons, have dropped another 15% for incident alphas. The apparent temperatures, which were unbelievably high for incident protons, have climbed another 1-1/2 MeV on the average for incident alphas. And finally, the smearing parameters have increased almost a factor of two.
V. Conclusions
We have compared the interaction of multi GeV protons, deuterons, and alpha particles with a uranitm1 nucleus. A1 though the cross sections for the production of fragments from uranitm1 are a factor of 1. al.
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